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The Antiresonant Reflecting
Optical Waveguide Fiber Sensor
Ran Gao and Jiansen Ye
Abstract
In this chapter, the optical fiber sensors based on antiresonant reflecting optical
waveguide have been introduced, including the single layer, double layers, double
resonators, and hybrid mechanism. Various optical fiber sensors based on
antiresonant reflecting optical waveguide have been introduced in this chapter with
different working principles, including the fiber optic vibration sensor, humidity
sensor, strain sensor, temperature sensor, magnetic field sensor, biosensor, etc.
Especially, many long-standing challenges in the fiber optic sensor can be solved
through the working principle of the antiresonant reflecting optical waveguide,
including the temperature cross-talk compensation, distribution localization,
optofluidic biosensing, etc. In general, the optical fiber sensors based on
antiresonant reflecting optical waveguide have advantages, such as compact struc-
ture, high sensitivity, large dynamic range, and high stability, which appear to have
potential applications in researches of structure health monitoring, oil exploiting,
and biology detection.
Keywords: antiresonant reflecting optical waveguide, Fabry-Pérot resonator,
double layers, double resonators, hybrid mechanism
1. Background
Over past two decades, the antiresonant reflecting optical waveguide (ARROW)
has developed into a versatile platform for a range of interdisciplinary applications
in low loss communication [1], ultrafast optics [2], optical amplifiers [3], and
biophotonics [4]. In the ARROW, the guided light is reflected at the two surfaces of
the cladding in the hollow-core fiber (HCF), forming a Fabry-Pérot etalon [5]. The
guided light at the antiresonant wavelength can be propagated along the HCF. Due
to the unique light guiding mechanism, the ARROW is a good candidate for the
fiber optic sensor: (i) the optical properties of the ARROW can be easily manipu-
lated with the cladding structure, making the flexibility for fiber optic sensors; (ii)
the guided light can break the confining of the fiber core, forming an enhanced
interaction between the light and the ambient medium; and (iii) the hollow holes in
the HCF is a natural channel for the optofluidic biosensors, which reduce the
complexity of the fiber optic sensor significantly. Many sensing principles of
ARROWs for fiber optic sensors have been researched in recent years, including the
ARROWwith the single layer, double layers, double resonators, hybrid mechanism,
etc. [6]. The ARROW-based fiber optic sensors possess great flexibility, high sensi-
tivity, and low cost, which are expected to be used for many fields in real-world
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applications [5, 6]. The optical fiber sensor based on the principle of ARROW is
mainly applied in the optical fiber vibration sensor, optical fiber humidity sensor,
water-level sensor, fiber strain sensor, fiber optic magnetic field sensor, fiber optic
biosensors, optical fiber pressure sensor, optical fiber temperature sensor, and other
types of optical fiber sensors. The common optical fiber sensors based on the
ARROW principle and their performance are shown in Table 1.
2. The principle of the antiresonant reflecting optical waveguide
The antiresonance reflection principle refers to light that does not meet the
resonance condition and is confined to the low refractive index (RI) fiber core for
transmission [5]. In 1986, the antiresonant reflecting optical waveguide (ARROW)
was proposed by Duguya et al. [5]. The working principle of the ARROW is to use
the design of the multilayer high reflection film between the waveguide and silicon
substrate (most of which use the double-layer film) to transmit the light beam in
the waveguide layer, so as to reduce the energy leakage, with the characteristics of
single mode and small loss [5, 6, 16]. The ARROW structure is a promising wave-
guide structure for silicon-based sensors and has been used for a variety of purposes
because it allows the thickness of the buffer layer to be reduced and the single-mode
size to be increased and the process tolerance and material selection range to be
relatively expanded [17–19].
Sensors Performance Application
Vibration
sensor
(1) Signal-to-noise ratio of 60 dB, (2) wide
frequency response from 5 to 10 kHz, and
(3) high sensitivity and low temperature
cross-sensitivity
Applications for the monitoring of smart
structures such as buildings, bridges,
highways, pavements, dams, and so on
Humidity
sensor
(1) The sensitivity of up to 0.22 dB/% RH
and (2) good repeatability, fast response
time, and low temperature cross-
sensitivity
Applications for human daily biology,
industrial production, agriculture, animal
husbandry, and other fields
Water-level
sensor
Sensitivity of 1.1 dB/mm Applications for water-level monitoring
Strain sensor (1) The resolution of the sensor is 27.9 pm/
με and (2) the temperature cross-
sensitivity is only 1.67 pm/°C
Applications for the accurate
measurement of the strain of smart
structures
Magnetic
field sensor
(1) Magnetic field sensitivity of 81 pm/Oe
and (2) low temperature cross-sensitivity
Applications for industrial production,
motor, and electronic products’ magnetic
field measurement
Optic
biosensors
(1) The limit of detection of 0.5 ng/ml can
be achieved for the IFN-γ concentration
and (2) the influence of the temperature
could be compensated through the
referenced resonance dip
Applications for health monitoring, cancer
prevention, biological engineering, etc.
Pressure
sensor
(1) The pressure sensitivity of 4.42 nm/
MPa and (2) the spatial sensitivity of
0.86 nm/cm can be achieved
Applications for multipoint pressure
detection in the fields of security,
structure monitoring, and oil exploration
Temperature
sensor
Temperature sensitivity of 70.71 pm/°C Applications for biomedicine, industrial
production, space exploration, and other
fields
Table 1.
The optical fiber sensor based on ARROW [7–15].
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The ARROW can be used to study the optical conduction mechanism of low-
index core fibers, which is similar to Fabry-Pérot resonators [6]. Figure 1 shows the
structure diagram of the ARROW, where the gray part is the high-index layer with
RI n2 (silica) corresponding to the Fabry-Pérot resonator cavity and the dark gray
part is the low-index layer with RI n1 (air) [17, 18]. When the wavelength of the
optical fiber satisfies the resonance condition, it will leak out from the high fold rate
layer corresponding to the low transmission intensity part of the transmission
spectrum, which is similar to the destructive interference of light in the Fabry-Pérot
cavity [19, 20]. In contrast, the light of the antiresonance wavelength will be
reflected back at the interface of the high and low RIs and will be restricted to be
transmitted in the fiber core. So most of the light will be reflected back to the fiber
core [20]. Based on the principle of the antiresonant waveguide, the optical fiber
sensor can be made into different types by changing the relevant parameters.
Optical fiber sensors based on the antiresonant waveguide are mainly divided into
two types [21]. The first is to change the resonant wavelength by changing the RI or
the length of the Fabry-Pérot cavity. The second is to change the contrast of the
output intensity of the antiresonant waveguide by changing the associated external
material composition [19, 20]. The optical fiber sensor of the ARROW finally
realizes the measurement of different physical quantities through these two kinds of
modulation methods. This chapter will introduce the working principles of various
ARROW-based fiber optic sensors in detail [20, 21].
3. The antiresonant reflecting optical waveguide sensor
3.1 The single-layered antiresonant reflecting optical waveguide sensor
The simplest model of the antiresonant reflecting optical waveguide (ARROW)
is the single-layered antiresonant reflecting optical waveguide (SL-ARROW),
which is widely used in optical fiber sensors. The SL-ARROWmode in the capillary
waveguide is sensitive to the surrounding environments, and various sensing appli-
cations have been proposed, such as vibration sensor, humidity sensor, water-level
sensing, etc. The working principle of the SL-ARROW is introduced by the vibra-
tion sensor [7].
Vibration signal detection is very important in the application of structural
monitoring in people’s life. Vibration detection can monitor the safety of building
structures such as buildings, highways, bridges, dams, highways, and so on. In
general, the vibration can be detected by piezoelectric, magneto-electric, and cur-
rent sensors [22]. SL-ARROW is an optical fiber vibration sensor, which is designed
based on the principle of antiresonant waveguide. The fiber optic sensor is a good
alternative with several unique advantages such as low weight, immunity to elec-
tromagnetic interference, and long-distance signal transmission for remote
Figure 1.
The structure of ARROW.
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operation [23]. Here, an all-fiber vibration sensor based on the SL-ARROW has
been proposed in a tapered capillary fiber. The schematic construction of the
proposed vibration sensor is given in Figure 2. In order to fabricate the sensor, the
capillary optical fiber is selected as the sensing fiber. The capillary fiber consists of a
hollow core with an inner diameter of 30 μm and a ring-cladding with a thickness of
55 μm. Both ends of the 8 cm long capillary optical fiber are cut by the high-
precision cutter, and the cut capillary fiber and single-mode fiber (SMF) are spliced
through the fiber splicer. The cross section of the capillary fiber and the splicing
diagram between the capillary fiber and SMF are shown in Figure 2 [7].
The principle of using capillary fiber to make vibration sensor can be described
as an SL-ARROW [24]. As the RI of the cladding is larger than that of the core, the
core mode can oscillate and radiate through the cladding. The cladding modes
propagate in the cladding region of the capillary fiber, as shown in Figure 3(a). The
working principle of the tapered capillary fiber can be approximated to Fabry-Pérot
etalon, as shown in Figure 3(b). When the wavelengths cannot satisfy the resonant
condition, the optical waveguide will be confined in the hollow core of the fiber as the
core modes. Therefore, the guide light can be reflected by the resonator. On the
contrary, when the wavelength meets the resonant condition, the guided light will
resonate and will not be reflected by the Fabry-Pérot cavity and will leak out of the
Figure 2.
The schematic construction of the proposed sensor [7].
Figure 3.
(a) Schematic diagram of the cross section of the capillary fiber and (b) the guiding mechanism of the capillary
fiber [7].
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cladding to generate the transmission spectrum. In the transmission spectrum, peri-
odic and narrow loss attenuation corresponding to the Fabry-Pérot cavity resonance
condition will appear [7]. The wavelength of the lossy dip corresponding to the
resonance condition λr can be expressed as Eq. (1) [7, 22]:
λr ¼
2d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2  n20
p
m
(1)
where n and n0 are the RIs of the capillary fiber cladding and air, respectively,
d is the thickness of capillary fiber cladding, and m is the resonance order [7].
The mechanical analysis of the photoelastic effect of the tapered region under
bending can be expressed as follows [7]:
Δn ¼
1
4
n2 1þ γð Þ P12  P11ð Þ
A
R
 2
(2)
where Δn is the change of the RI, n is the RI of the silica, P11 and P12 are the
optoelastic constants of silica, γ is the Poisson ratio of silica, A is the diameter of the
tapered region, and R is the bending radius. Substitution of Eq. (1) into Eq. (2) gives
λr ¼
2ðd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 14 n
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(3)
Figure 4.
